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Abstract 
Recent studies have suggested that contaminant transport to groundwater may be 
enhanced by association with colloidal particles. This study evaluated the role of water 
dispersible colloids with diverse mineralogical composition in co-transporting selected 
herbicides and heavy metals through intact soil columns. Colloid recovery in the eluents 
ranged from 45-90% for the herbicides and 10-60% for the heavy metals. The presence of 
colloids enhanced the transport ofatrazine by 2-18%, and metolachlor by 8-30%. The 
corresponding increase for Cu and Zn was 2-150 and 5-30 times, respectively. For Pb, 
there was essentially no elution in the absence of colloids, suggesting nearly complete 
sorption by the column matrix and 8-3,000-fold increase in the presence of colloids. The 
extent of the colloid-induced transport was dependent on colloid, soil column, and 
contaminant properties. Colloid surface area and charge, pH, organic carbon, and soil 
macroporosity had a positive effect on co-transportability, while Fe and Al oxyhydroxides 
and kaolinite appeared to be inhibiting. Also inhibiting were > 10 mg/L influent metal 
concentrations due to flocculation phenomena. In most cases, the increased transport of 
contaminants in the presence of colloids exceeded their sorption capacity, indicating the 
involvement of physical exclusion and binding mechanisms. This suggests that the colloids 
play a dual role as carriers and facilitators in the contaminant transport process. 
Focus Categories - AG, GW, HYDGEO, HYDROL, MOD, NPP, SEO, ST, TS, WQL 
Keywords - Contaminant transport, Groundwater quality, Heavy metals, Herbicides, 
Pollutants, Soil chemistry, Solute transport, Suspended sediments, Trace 
elements, Water chemistry, Water quality, Modeling 
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Chapter 1 - Introduction 
During the last few years, intensive efforts have been undertaken in the most 
vulnerable areas of the state to address public concerns of groundwater quality 
deterioration from agricultural and industrial pollutants. The approach used in these 
surveys, however, assumes that the pollutants migrate with the mobile aqueous phase, 
while the solid phase acts as an immobile filter. Based on this approach, many of the 
contaminants have been identified as relatively immobile because oflow solubility and high 
affinity for the solid phase. Recent studies, however, and research conducted in our 
laboratory have shown that contaminant transport to and within groundwater can be 
significantly enhanced by association with inorganic and organic colloids. Calculations of 
colloid facilitated transport are hampered by our inability to predict the physicochemical 
dynamics of colloids in the groundwater zone. The amount, type, stability, and 
contaminant transferring capacity of the readily dispersible colloids entering the aquatic 
system depend on solution chemistry and, to a greater extent, on their physicochemical, 
mineralogical, and surface charge characteristics. 
The objectives of the proposed research were: 
(1) To evaluate the potential transport of two herbicides, atrazine and 
· metolachlor (in the first year) and three heavy metals, Cu, Zn, and Pb (in the second year) 
by readily dispersible colloidal materials fractionated from selected representative soil 
samples with diverse mineralogical and charge characteristics. 
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(2) To determine the physicochemical, mineralogical, and surface charge 
properties of colloidal materials facilitating dispersivity and pollutant transport to 
groundwater; and 
(3) To develop empirical relationships based on important colloid parameters 
that could serve as a preliminary data base for improving the predictions of existing 
pollutant transport models. 
Traditionally, the transport of agricultural and industrial pollutants to groundwater 
has been predicted by evaluating their distribution between two phases ( 1) a dissolved, 
mobile phase and (2) a sorbed or precipitated, stationary phase acting as a filter for the 
percolating dissolved pollutant. Partition coefficients have often been used for predicting 
relative mobility of contaminants and deviations from such model predictions were 
frequently attributed to preferential flow paths. However, such deviations may be partially 
explained by colloid-assisted transport processes. Only recently has evidence accrued 
showing that significant concentrations of colloids exist in groundwater and that 
contaminants may be associated with this colloidal material (Ryan and Gschwend, 1990; 
McCarthy and Zachara, 1989; McDowell-Boyer et al., 1986; Gschwend and Reynolds, 
1987; Enfield and Bengtsson, 1988; Degueldre et al, 1989). Such colloids may include 
organic or mineral particles of various sizes suspended in the natural groundwater flow. 
Pollutants that bind most strongly to colloidal materials should be hydrophobic organic 
compounds ( such as herbicides). The pollutant association with the colloidal phase may 
increase their migration rate to the groundwater. This has important ramifications for 
predicting total mobile contaminant load. Since the colloidal material associated with 
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groundwater samples is usually excluded by filtration before analysis of the liquid phase, 
the total contaminant load is usually underestimated (Danielsson, 1983). Therefore, it is 
important to quantify the pollutant transport capacity of colloidal material and add it to 
that of the liquid phase. Quantitative assessments of potential pollutant transport capacity 
by colloidal material, however, rely on good knowledge of the physicochemical, 
mineralogical, and surface characteristics of the colloidal particles as well as the conditions 
under which they facilitate or retard pollutant migration to groundwater. While extensive 
information exists on bulk clay fractions, such information for readily dispersible soil 
colloids potentially reaching the groundwater is almost nonexistent. The inadequacy of 
our understanding of the factors and mechanisms controlling the stabilization, 
destabilization, and pollutant transport capacity of groundwater colloids is reflected on the 
weaknesses of our current predictive capabilities, which do not account for the effects of 
mobile colloids on contaminant migration. 
One would expect that suspended particles of most concern with regard to 
transport potential would be in the fine clay size range ( due to their high surface area and 
sorption potential), but significant variations in potential colloid mobility may be 
encountered from differential dispersivity of highly charged minerals, surface charge 
modification of law-charge minerals, specific organic/hydroxide assemblages, and the 
chemistry of the aqueous phase (Seaman et al., 1995). Protection of groundwater supplies 
from contamination requires improved understanding of these relationships and the 
mechanisms controlling colloidal behavior. Experimental data of this nature are necessary 
to complement and improve existing predictive models of pollutant transport in 
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groundwater, which rely exclusively on the concept of partitioning the pollutant between a 
mobile aqueous phase and an immobile adsorbed phase. 
Movement of suspended clay within soils (lessivage) is a well-documented process, 
ultimately resulting in horizons of clay depletion ( eluvial) overlying horizons enriched in 
clay (illuvial or argillic) (Buol et al., 1980; Soil Survey Staff, 1975). To be mobile over 
significant distances and thus, facilitate contaminant transport, the suspended colloidal 
material must be stable. Whether a colloidal particle remains in suspension, aggregates, or 
settles on pore surfaces depends on a complex combination of physical, chemical, 
mineralogical, and surface colloid properties. The stability of a homogeneous colloidal 
suspension is determined by van der Walls attractive forces that promote aggregation and 
electrostatic repulsive forces that drive particles apart. When electrostatic repulsions are 
dominant, the particles are stabilized and remain in a dispersed state. Colloid stabilization, 
therefore, is influenced by particle mineralogy and surface chemistry, by other 
physicochemical factors controlling surface charge, and by the extent of the electrical 
double layer (van Olphen, 1977). Particles are stabilized when their double layers are 
expanded at low electrolyte concentrations and when the net particle charge is not equal 
to zero. The converse promotes coagulation. 
The adsorption of humic substances can impart a negative surface charge to 
colloids such as oxides, layer silicates, and calcium carbonate with positively charged 
surface sites, thereby increasing the stability and mobility of these particles. The 
adsorption of silica on iron and aluminum oxides may achieve a similar effect. Ryan and 
Gschwend (1990) postulated that coatings of adsorbed humic substances develop a 
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negative charge on mobile layer silicate and iron oxide colloids in anoxic Atlantic coastal 
plain groundwaters. Nevertheless, colloidal material also may be collected by surfaces of 
like net charges because heterogeneous surface domains can exist with opposite charge 
where attractive forces exceed repulsive forces. 
Once stabilized in suspension, the colloid particles can move downward with the 
percolating water through noncapillary voids. The distance of this migration may be 
related to the depth of the average wetting front in the soil (Creemans and Mokma, 1986). 
Colloid transport through intact B horizon material via natural channels associated with 
ped faces has been demonstrated by Akamigbo and Dalrymple (1985), and Seta & 
Karathanasis (1996). Such macropore flow can also occur within earthworm channels 
(Ehlers, 1975), along ped faces (Anderson and Bouma, 1977), and through other 
discontinuities within the vadose zone, and via fissures and contacts within subsurface 
strata in the phreatic zone. The capacity of soil macropores to conduct significant 
volumes of water, and the implications of this flow in terms of dissolved and suspended 
components, has been discussed in detail by Thomas and Phillips (1979) and Beven and 
Germann (1982). 
Colloidal humic substances are also potentially transported through the solum to 
underlying strata. Enfield and Bengtsson ( 1988) found that blue dextran, a model 
macromolecule, was subject to size exclusion as it percolated through soil columns, thus 
flowing through the larger pores and eluting prior to tritiated water. Similarly, the 
transport of dissolved organic carbon through soil columns was found to be more rapid 
than tritiated water, and was attributed to a size exclusion mechanism (Enfield et al., 
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I 989). Suspended solids labeled with 14C-DDT were observed to undergo significant 
vertical migration in several different textured soils. Depth of transport was found to be 
related to texture and application rate. The use of a labeled pesticide to tag organics in 
wastewater (Vinten et al., 1983) illustrates the general concerns regarding colloid 
transport processes in geologic material and the potential for colloid-assisted transport of 
inorganic and organic contaminants. Gschwend and Wu (I 985) identified colloidal 
materials as important components of PCB adsorption experiments which confounded the 
determination of partition coefficients. DDT was found to adsorb on the solid phase, 
resulting in a concentration up to 15,800 times that in the solution phase for colloidal 
materials within the highly colored Southeastern U.S. streams (Poirria et al., 1972). 
Atrazine and metolachlor are two of the most widely used herbicides in 
agricultural areas. In spite of their extensive use, little is known about the effects of their 
soluble fractions, and nothing about their colloid-bound fractions, on the quality of 
groundwater. Although models based on the convection-dispersion approach predict that 
leaching of these herbicides to groundwater is not likely to occur, both have been detected 
in many groundwater samples (Carey et al., 19,3; Koterba et al., 1993). Discrepancies 
between model-predicted and actual data may be due to the presence of a colloid-
adsorbed herbicide fraction which is transported with the percolate water, thus increasing 
groundwater contamination. 
Although organic matter interacts strongly with herbicides (Walker and Crawford, 
I 968; Laird et al, 1994), it can rarely be used alone for predictive purposes (Meggitt, 
1970) because it is intimately associated with inorganic colloid constituents (Dubach and 
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Mehata, 1963). Such an association may facilitate adsorption of pesticides by mineral 
colloids (Khan, 1973). Therefore, it is the combined inorganic-organic colloid interaction 
that needs to be evaluated in determining the full magnitude of pesticide adsorption 
capacity by colloids (Saltzman et al., 1972). Existing evidence suggests that herbicides 
interact more strongly with colloids of high cation-exchange capacity (Frissel and Bolt, 
1962), and of mineralogical composition dominated by expanding minerals (Glass, 1987; 
Laird et al., 1994). 
Two lines of evidence suggest that colloids may influence the subsurface transport 
of metal contaminants: (I) laboratory column studies demonstrating co-transport of metals 
sorbed to mobile colloids and (2) field studies demonstrating the association of metals 
with natural groundwater colloids. For example, Champ, et al. (1982) observed that when 
groundwater was pumped through undisturbed aquifer cores, Pu was rapidly transported, 
and almost 75% of the Pu was associated with colloidal particles. Newman (1990) 
demonstrated that when a metal ion was introduced into a soil column, the breakthrough 
of the metal was associated with the breakthrough of colloids; surface analysis indicated 
that metals were adsorbed on the surfaces of the colloids. 
Several field studies have demonstrated the association of metals with colloidal 
material from groundwater. At the Nevada Test Site, transition metals and lanthanide 
radionuclides were associated with inorganic colloids recovered from groundwater 300 m 
from the nuclear detonation cavity (Buddemeier and Hunt, 1988). Pu and Am were 
associated with siliceous colloids in an alluvial aquifer at Los Alamos National Laboratory 
(Penrose, et al., 1990). Filterable particles (>0.4 µm) containing radionuclides of Co, Zr, 
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Ru, Cs, and Ce were recovered from contaminant plumes at the Chalk River Nuclear 
Laboratory (Champ et al., 1982). Uranium and daughter species were found associated 
with iron- and silicon-rich colloids downgradient from a uranium deposit in Australia 
(Short et al., 1988). 
Difficulties in sampling and characterization of colloids in groundwater, and the 
potential for introduction of artifacts during this process (McCarthy and Degueldre, 
1992), has limited our understanding of, and ability to predict the formation, stability and 
transport of colloids in the subsurface. Nevertheless, recent research has greatly increased 
the available data on the nature and abundance of groundwater colloids. Colloidal 
particles in groundwater may be composed of a variety of materials, including mineral 
precipitates ( notably metal oxides, hydroxides, carbonates, silicates, and phosphates, but 
also including actinide elements such as uranium, neptunium, plutonium and americium); 
rock and mineral fragments (including layer silicates, oxides, and other weatherable 
mineral phases); "biocolloids" (including viruses, bacteria, and fragments of these 
organisms); microemulsions of nonaqueous phase liquids; and macromolecular 
components of organic matter. 
The very large surface area of colloids (10-500 m2 g"1) suggests that the role of 
colloids in sorbing and potentially co-transporting metals could be significant even for 
relatively low mass concentrations of colloidal particles. The size and concentration of 
groundwater colloids varies considerably over a range of hydro geochemical conditions 
(McCarthy and Degueldre, 1992). In general, higher concentrations of colloids are found 
in disturbed systems. For example, in a range of subsurface environments with stable 
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hydrogeochemistry, including deep fractured granitic systems, sandstones, or shallow 
sandy aquifers, colloids of 10 nm to 450 nm are present in concentrations of0.025 to 1.0 
mg L"1. Much higher concentrations (20 to 100 mg L"1) are reported in quite similar 
systems, but in zones with hydrogeochemical perturbations, including changes in 
temperature, pH, or redox conditions (McCarthy and Degueldre, 1992). 
It is not unreasonable to observe an apparent linkage between geochemical 
disturbances and increased concentrations of stable colloids in groundwater, based on 
current understanding of the mechanisms by which colloids can be generated in aquifers. 
Mechanisms postulated for the generation of colloids include: dispersion, documentation 
of secondary mineral phases, geochemical alteration of primary minerals, homogeneous 
precipitation, and organic matter effects on stability (Liang and McCarthy, 1995). 
Even if the geochemistry favors the formation of stable colloids, suspended 
particles will be significant to the transport of metals in groundwater only if they are 
transported through aquifers. Current approaches to predicting the migration of colloids 
are based on filtration theory (O'Melia, 1990). This theoretical work was initially 
developed for describing and predicting efficiencies of particle (aqueous or gaseous) 
removal from a filter bed of solid matrix (O'Melia, 1987). The theory with regard to the 
kinetics of deposition of colloidal particles has been conveniently divided into two aspects, 
transport and attachment (O'Melia, 1987). The transport of a colloidal particle from bulk 
fluid to a collector (e.g., a sand grain ofan aquifer) is affected by physical processes such 
as fluid convection, diffusion of the particle and, for larger particles, gravity and fluid drag 
forces. The attachment of colloidal particles to the surface of a collector is mainly a 
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physicochemical process and is a function of various forces operative at short distances 
from the interface, such as electrostatic interaction, van der Waals attraction, 
hydrodynamic, hydration, hydrophobic interaction, and steric forces. 
The existing physicochemical literature describes the effects of solution chemistry 
and mineralogy on particle and contaminant interactions (van Olphen, 1977; Spurlock and 
Bigger, 1994), but there is still significant uncertainty concerning the basic processes 
governing the behavior of complex mineralogical mixtures of colloids under field 
conditions. Furthermore, several studies have demonstrated the dynamic nature of soil 
clay minerals as influenced by management practices (Karathanasis and Wells, 1989) 
oxidation-reduction, and/or contaminant inputs, (Ryan and Gschwend, 1990), yet these 
factors have not been fully investigated in terms of differential dispersion or colloid 
transport within soils and other unconsolidated geologic materials. Water quality research 
has addressed extensively such phenomena as sorption rate, transport, volatilization, and 
biodegradation of chemicals. Information is lacking, however, on the role of the 
mineralogical composition and surface ·chemistiy oi~olloidal fractions in differential 
dispersion and in facilitating contaminant transport to groundwater. 
Chapter II - Research Procedures 
Based on existing soil survey laboratory characterization data in Kentucky, six soil 
samples were selected covering diverse particle size distributions, surface properties, and 
mineralogical compositions. The targeted textures included silt loam, silty clay, clay, and 
silty clay loam, which are the most common in soils and sediments of Kentucky. The 
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selection criteria also included diverse mineralogical composition, and variable organic 
carbon and iron hydroxide content which provided a range in surface properties. 
Colloid Fractionation 
Water-dispersible colloids (WDC) were fractionated from upper Bt horizons of six 
soils representing the series: Beasley sil (fine, montmorillonitic, mesic Typic Hapludalfs), 
Loradale sil ( fine, silty, mixed mesic Typic Argiudolls ), Maury sil ( fine, mixed, mesic, 
Typic Paleudalfs), Shrouts sic! (fine, mixed, mesic Typic Hapludalfs), Smithdale 1 (fine, 
loamy, siliceous, thermic typic Hapludults), and Waynesboro sil (clayey, kaolinitic, thermic 
typic Paleudults). The extraction of the WDC fractions was accomplished by mixing 
about 10 g of soil with 200 mL of d-H20 (without addition of dispersing agent) in plastic 
bottles, shaking overnight, centrifuging at 750 rpm for 3.5 min, and decanting. The 
concentration of the colloid fraction was determined gravimetrically, and before it was 
stored as a stock suspension, 0.002 % (by weight) ofNaNi was added to suppress 
microbial activity. A subsample of stock colloid suspension was air-dried, gently crushed, 
and passed through a 0.23-mm opening diameter sieve for physicochemical 
characterization. 
Preparation of Intact Soil Columns 
Intact soil columns were taken from upper Bt horizons of the same Maury and 
Loradale soils used for colloid fractionation. These two soils were selected because they 
have considerably different hydraulic conductivities and OC contents. The upper Bt-
horizon depth was sampled to represent a rooting-depth subsurface soil layer. Each 
column was prepared by carving the soil into a cylindrically-shaped pedestal of 13-cm 
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diameter and 20-cm length and encasing with an equal length of polyvinylchloride (PVC) 
pipe of 16-cm diameter. The size of the columns was selected to compensate for spatial 
variability, especially in soil hydraulic conductivity. The space between the intact soil 
column and the PVC pipe was sealed with expansible polyurethane foam. The columns 
were left in the field overnight to allow the foam to dry before they were separated from 
their base and transported to the laboratory. 
Leaching Experiments 
Prior to setting up the leaching experiment, the intact soil columns were saturated 
from the bottom upward with d-H20 to remove air pockets. Then, about five pore-
volumes of d-H20 containing 0.002 % ofNaN3 were introduced into each column 
( downward vertical flow) using a peristaltic pump at a constant flux (2.21 cm h"1) to 
remove loose material from the pores of the soil columns. Solute dispersion was 
evaluated in each column by applying a step input of CaCh and monitoring the eluent er 
concentration periodically. Breakthrough curves (BTCs) were constructed based on 
reduced er concentrations (ratio of effluent concentration to influent concentration= 
CICo) and pore-volume (flux averaged volume of solution pumped per column pore 
volume). 
The transport of herbicides and heavy metals in the presence of colloids was 
investigated by applying a continuous step input (2.21 cm h"1) of a colloid contaminant 
mixture to duplicate soil columns. The input mixture was prepared by mixing a 300-mg 
L"1 colloid suspension with a 2-mg L"1 herbicide (atrazine or metolachlor) solution or 10-
mg L"1 heavy metal (Cu, Zn, or Pb) solution and equilibrating for at least 24 h before 
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application. In addition, a solution containing 2 mg L"1 herbicide or 10 mg L"1 heavy metal 
(without colloid) was passed through the columns representing the control treatment. 
Eluents were monitored periodically with respect to volume, colloid, herbicide, and metal 
concentration, thus allowing construction ofBTCs. For the atrazine leaching experiment, 
after five pore-volumes of leaching, the input solution was switched to d-H20 to evaluate 
the desorption process of the herbicide from the soil columns. 
Colloid concentrations in the eluent were determined by placing 200 mL of the 
sample into a Bio-Tek multichannel (optical densitometer with fiber-optic technology; Bio 
Tek Instruments, Inc., Winooski, VT) microplate reader and scanning at 540 nm. Total 
contaminant concentration in the eluents was allocated to solution phase and colloidal 
phase ( colloid-bound contaminant). The eluent samples were centrifuged for 30 min at. 
3,500 rpm to separate the soluble contaminant fraction from the colloid-bound 
contaminant fraction. The soluble atrazine fraction was analyzed using the pyridine-alkali 
method (Radke et al., 1966). The soluble metolachlor fraction was analyzed using the 
immunoassay method ofSchlaeppi et al. (1991). The samples were scanned at 650 nm 
using the Bio-Tex Instrument microplate reader. The enzyme conjugate, buffer, substrate, 
and stop solutions were obtained from Quantrix Systems (Cinnaminson, NJ). The soluble 
metal (Cu, Zn, and Pb) fractions were analyzed by atomic absorption ( concentrations > 1 
mg L"1) or heated graphite spectrometry (concentrations< 1 mg L·1). 
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Herbicide and Metal Adsorption Isotherm Experiments 
In order to avoid experimental errors associated with the small amounts of 
herbicides or metals transported by the colloids, the eluted colloid-bound contaminant 
fraction was not measured directly, but was calculated from adsorption isotherms 
generated from batch experiments. The amount of the colloid-bound contaminant eluted 
in the column leaching experiments was calculated by extrapolating the contaminant 
equilibrium concentration in the eluent to the adsorption capacity of the colloid and 
multiplying by the amount of colloid (colloid concentration) in the eluent. 
The batch equilibrium experiments were carried out using 50-mL teflon test tubes. 
A 250 mg of air-dried colloid sample was added to each test tube along with 35 mL of 
adsorbate contaminant solution containing 0-40 mg L" 1 of herbicide (atrazine or 
metolacWor) or 0-20 mg L"1 of metal (Cu, Zn, or Pb). After 24 h of shaking, the samples 
were centrifuged at 3500 rpm for 30 min and the supematants were analyzed with the 
respective analytical methods described earlier. 
However, in order to confirm that the eluted colloids were transferring the 
contaminant load predicted by the isotherms, selected eluted-colloid samples were 
concentrated and treated with ethyl-acetate or Mg-chloride to extract the colloid-bound 
herbicide or metal, respectively (Gorder and Dahm, 1981). 
Characterization of Colloids and Soil Columns 
Physicochemical properties of the soils and colloids were determined according to 
the procedures outlined by Soil Survey Laboratory Staff (1992). Particle size distribution 
was determined by the pipette method following dispersion with sodium 
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hexametaphosphate. Soil pH was measured with a Beckman pH meter equipped with a 
glass electrode in 1: 1 soil-water suspensions. Basic cations and cation exchange capacity 
(CEC) were determined by the 1 M ammonium acetate pH 7.0 method. Soil organic 
carbon was measured using a Leco Carbon Analyzer, Model CR12. Soil solution ionic 
strength and SAR were calculated from the composition of soil solutions extracted from 
naturally moist soil samples by centrifuging at 5,000 rpm for 30 min. Amorphous and 
crystalline Fe and Al in the soil were extracted using ammonium oxalate and citrate-
bicarbonate-dithionate (CBD), respectively, following procedures described by Shuman 
(1985) and McDaniel and Buol (1991). 
Triplicate determinations of colloid electrophoretic mobility (EM) were made with 
a Delsa 440 Doppler Electrophoretic Light Scattering Analyzer (Coulter Electronics Co., 
Hialeah, FL), using a 30-s count time, 100-mV applied voltage, and a 3-mA current. 
Colloid particle-size distributions were determined in duplicate with a microscan particle-
size analyzer (Quantachrome Corporation, Boynton Beach, FL). 
The mineralogical composition ofWDC (Table 2) was determined by x-ray 
diffraction (XRD) and thermogravimetric (TG) analysis. Quantitative mineral estimations 
were based on procedures described by Karathanasis and Hajek (l 982a). 
Thermogravimetric analysis was also used to calculate the surface area of the colloids as 
described by Karathanasis and Hajek (1982b). The mineralogical composition of the 
eluted colloids was also determined by XRD and TG analysis, and checked against the 
composition of the colloids in the stock suspension. This comparison was done for the 
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purpose of assessing colloid contamination by the column matrix and preferential filtration 
of specific minerals. 
Statistical Analysis 
The effect of individual soil and colloidal properties on colloid dispersibility and 
contaminant transportability was evaluated by correlation and multiple regression analyses 
using linear exponential and logarithmic single variable functions. 
Chapter m - Data and Results 
Colloid-Facilitated Transport of Herbicides 
Figures 1 and 2 show breakthrough curves for atrazine and metolachlor eluted in 
the absence (control) or presence of colloids relative to the elution of the er conservative 
tracer. Herbicide eluted in the presence of colloids is plotted as the sum of the soluble 
fraction ( directly measured) and the colloid-bound fraction ( estimated from the adsorption 
isotherms). Although this approach of estimating the amount of herbicide transported by 
the colloids is indirect and semiquantitative, selective extractions of herbicide with ethyl-
acetate (Gorder and Dahm, 1981) from concentrated samples of eluted colloids produced 
recoveries that were within experimental-error range of those predicted from the 
adsorption isotherms (Fig. 3 and 4). This similarity was corroborated by the nearly 
identical mineralogical composition of the influent and effiuent colloid fractions, 
suggesting lack of preferential screening or sorption of specific minerals by the column 
matrix (Fig. 5). On the other hand, in addition to the experimental variability, small 
differences in the actual versus isotherm-estimated herbicide colloid load may be explained 
from differences in K.ivalues in the presence and absence of the colloid matrix. Although 
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Figure 1. Breakthrough curves (BTCs) of atrazine (soluble+ colloid bound) 
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Figure 5. X-ray diffractograms of Beasley and Smithdale colloids 
before (A) and after elution through Loradale (B) and 
Maury (C) soil columns. 
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the residence time of the colloids in the column was very short (- 2.5 h compared to the 
24-h equilibration time for the isotherm experiments), the isotherm-estimated K.i is 
probably somewhat higher than the actual (inside the column) K.i value because of the 
competition of the column matrix for the colloid-sorbed herbicide. 
Atrazine and metolachlor eluted in the absence of colloids ( control) showed a 
more gradual breakthrough than that eluted in the presence of colloids or the conservative 
tracer (Fig. 1 and 2), suggesting greater adsorption by the soil column during transport. 
The relative asymmetry and rapid breakthrough of the curves suggests significant 
preferential flow through macropores. In all cases, however, the presence of colloids 
shifted the herbicide BTCs above that of the control treatment (herbicide without colloid). 
This indicates that the presence of colloids enhanced herbicide transport through the soil 
columns. The increase in atrazine transport in the presence of colloids was in the range of 
2 to 18% at different stages ofleaching. For most colloids, the highest increases were 
observed between 1 and 3 pore-volumes ofleaching. Between 3 and 5 pore-volumes, the 
BTCs converged slightly as they approached steady state. Even at that point, however, 
atrazine eluted in the presence of colloids was 1 to 15% higher than that of the control. 
The respective increase in metolachlor transport in the presence of colloids was in the 
range of8 to 30%. 
The total transportability of metolachlor was almost 50% lower than atrazine 
(Figs. 1 and 2). Similar results were reported by Wieterson et al. (1993) who found that 
the relative order of herbicide mobility through intact sandy Wisconsin soils was atrazine > 
metolachlor > alachlor. The lower transportability of metolachlor is probably due to its 
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higher affinity for soil/colloids compared to that of atrazine (Figs. 3 and 4). Although this 
may result in greater adsorption of metolachlor on the soil column matrix, it will also 
increase the amount of metolachlor interacting with colloid particles, and therefore, 
enhance co-transport through the soil column (maximum of30% compared to only 18% 
for atrazine). 
The amount of herbicide transported in the presence of colloids varied with colloid 
type and transportability, but it was highest with the Beasley and Loradale and lowest with 
the Waynesboro colloid. This trend again implicates colloid mineralogical composition 
and organic-carbon content: as factors influencing colloid-facilitated transport of atrazine. 
Indeed, the Beasley and Loradale colloids that co-transported the highest amounts of 
atrazine also had either the highest smectite or the highest organic-carbon content. In 
contrast, colloids dominated by kaolinite minerals (Waynesboro, Smithdale) produced the 
lowest herbicide recovery. In addition to the extra herbicide load that smectitic or organic 
colloids can carry due to their large surface area, their smaller particle size may increase 
their mobility and reduce their residence time within the columns. In contrast, the large 
kaolinite particles are subjected to more extensive straining within the column, which 
increases their residence time and interaction with the soil matrix, and may reduce even 
further their already low ( due to surface area) herbicide load. These interpretations were 
supported by positive correlations between herbicide transport and CEC, total extractable 
bases, organic carbon, pH, surface area, and EM and negative correlations with kaolinite, 
and extractable hydroxides of Fe and Al. 
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Although the presence of colloids enhanced the overall transport of atrazine by up 
to 18% and metolachlor by up to 30%, the contribution of the.colloid-bound herbicide 
fraction transported through the soil columns was calculated from the adsorption 
isotherms (Fig. 3 and 4) and the BTCs (Fig. I and 2) to be less than 5%. This suggests 
that herbicide attachment to the colloids was not the main mechanism for the observed 
increase in herbicide in the input suspension was in the soluble phase and less than 5% was 
adsorbed to the colloid particles (Fig. 3 and 4). Therefore, nearly the entire colloid-bound 
atrazine fraction in the input solution was recovered in the eluent. 
The remaining increase in herbicide transport in the presence of colloids may be 
explained by at least two processes. One of them is mainly physical, involving exclusion 
of soluble herbicide molecules from certain available sites of the soil matrix due to 
temporary blockage by colloid particles. This blocking mechanism may involve both 
mobile colloids being transported through macropore flow and colloids already attached to 
the soil matrix as a result of filtration. The colloids attached on pore surfaces may also 
block micropore entries, thus denying accessibility to herbicide molecules, reducing the 
overall surface area available for interaction and consequently facilitating herbicide 
transport. Similar exclusion effects for the transmission of organic macromolecules and 
colloids through the soil columns have been reported by Enfield et al. (1989) and 
Kretzshcmar et al. ( 1995). 
A secondary mechanism may involve preferential adsorption of cations associated 
with the colloids to the porous medium, which may reduce the available surface charge of 
the soil matrix. This will result in less interaction of herbicide molecules with the matrix 
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and promote herbicide mobility. Gilmour and Coleman ( 1971) documented such a 
competitive mechanism between aqueous Ca ions and atrazine that resulted in lower 
atrazine adsorption. 
The desorption phase of the atrazine experiment showed that atrazine desorption 
from the soil matrix is an extremely slow process and that adsorption is mostly an 
irreversible process. This can be seen in the BTCs (Fig. 6) from the sharp decline of 
atrazine concentration in the eluent samples after the input suspension was switched to 
d-H20. However, the columns that had been leached with the colloid-atrazine mixture 
released more atrazine than the atrazine control treatment. This suggests that a 
considerable amount of the desorbed atrazine was associated with the desorbed colloids. 
Effect of Soil and Colloid Properties on Herbicide Transport 
Characterization data for the colloidal fractions and the soil columns used in the 
study are listed in Tables I, 2, and 3. Table 4 shows correlation coefficients between 
colloid properties, herbicide distribution coefficients, and transportability of colloids, as 
well as atrazine and metolachlor. These coefficients demonstrate that the transportability 
of atrazine and metolachlor in the presence of colloids is dependent on the colloid 
mobility, the affinity of the colloid for herbicide, and the properties of the soil columns. 
Colloids with higher pH, total exchangeable bases (TEB), cation exchange capacity 
(CEC), organic carbon (OC), surface area (SA), and electrophoretic mobility (EM), 
showed better mobility, greater affinity for interaction with the herbicides, and, thus, 
greater potential to co-transport atrazine and metolachlor. In contrast, colloids with high 
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Table 1. Physicochemical properties of the water dispersible colloids (WDC) used in the leaching experimentt. 
WDC pH oc CEC 1TEB Fe 1 Al EM 
Mean colloid 
(%) - - - (cmolckg- ) - - - - - - (mg g- ) - - - (µm cm v-1 s-1) diameter nm 
Beasley 6.2 0.8 63.4 26.5 15.9 6.1 -1.8 220 
Loradale 6.7 3.4 81.8 29.2 15.9 5.2 -1.9 300 
Maury 6.3 0.8 47.5 20.6 16.2 10.9 -1.4 700 
Shrouts 5.8 0.8 46.4 17.3 16.4 9.2 -1.6 270 
Smithdale 5.9 0.5 37.2 18.4 67.9 57.1 -0.7 400 
Waynesboro 5.2 0.4 29.0 8.1 75.7 61.3 -0.8 1,050 
t OC = organic carbon; CEC = cation exchange capacity; TEB = total exchangeable bases; Fe and Al (amorphous and crystalline); 
EM = electrophoretic mobility. 
N 
..... 
Table 2. 
Colloid 
Beasley 
Loradale 
Maury 
Sh routs 
Smithdale 
Waynesboro 
Mineralogical composition (%) and surface area of woe fractions t. 
Sm+HIV Sm+V Int. HIS+HIV HIV Mica Kaolinite Quartz 
---------------------------------%--------------------------------
60 
17 
29 
30 
44 
46 
21 
20 
15 
10 
30 
7 
11 
16 
35 
36 
20 
58 
56 
4 
6 
8 
3 
6 
12 
(m~g-1) 
386 
186 
190 
123 
121 
114 
t Sm = Smectite; HIV = Hydroxy-lnterlayered Vermiculite; V = Vermiculite; HIS = Hydroxy-lntertayered Smectite; Int. = 
lnterstratified mica-vermiculite-smectite; SA = surface area. 
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Table 3. Physicochemical properties of the soil columns used in the leaching experiment t. 
Soil Sand Silt Clay OC BS 
- - - - - - - - - - - - - - - - - - (%) - - - - - - - - - - - - - - -
pH BO (g cm-3) HC CEC Fe ~ (cm min-1)(cmolckg-1) - (mg g- ) -
Loradale 12 
Maury 9 
67 
56 
21 
35 
2.1 
0.5 
59.4 
46.0 
6.3 
5.8 
1.4 
1.6 
0.3±_0.2 
2.6±_1.7 
25.2 
21.9 
t BO = bulk density; OC = organic carbon; CEC = cation exchange capacity; BS = base saturation; Fe and Al 
(amorphous and crystalline); HC = hydraulic conductivity (average of triplicate samples). 
6.5 4.4 
8.3 2.8 
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Table 4.Correlation coefficients (r) between crlloid properties, Kds, and transportability 
of colloids, atrazine, and metolachlor . 
Properties of Colloid Kd of Kd of Atrazine Metolachlor 
woes Tran~ort Atrazine Metolaclor Transport Transport (C/ 0) - - - - - - (C/Co) - - - - - -
pH o.aa* 0.87 • 0.89 0.84* 0.97 
oc (%) 0.49 o.91* 0.96 • 0.71 0.94 
CEC (cmol kg-1) 0.79 o.sa** 0.90 0.95 ** 0.98 
TEB (cmol kg-1) · 0.92** 0.81* 0.77. 0.92** 0.90 
Kaolinite (%} -0.77 -0.61 -0.31 -0.84* -0.53 
Fe (mg g-1) -0.84* -0.77 -0.69 -a.aa* -0.85 
Al (mg g-1) -0.83* -0.81 -0.67 -0.91 * -0.85 
SA (m2 g-1) 0.59 0.39 -0.03 0.65 0.22 
EM (µm cm v 1 s-1) o.a2* 0.89* 0.74 0.97 ** 0.89 
t Significant at the P .:5. 0.05 () or P .:5. 0.01 (**); C/Co is ratio between concentration in 
the input solution and that in the eluent after three pore volumes of leaching. 
kaolinite, Fe and Al content, showed reduced mobility and affinity for the herbicides, 
which resulted in a lower transportability of atrazine and metolachlor. 
Multiple linear regression analysis suggested that the most influential variables in 
predicting atrazine transport in the presence of colloids with empirical models are CEC, 
EM, and cationic load of the colloid fraction (Table 5). 
With respect to the effect of the soil-column type on herbicide transport, the 
Loradale column transported about 13 ± 3% less atrazine than the Maury columns 
regardless of the type of colloid (Fig. 6). This is probably due to the 4-fold higher 
organic-carbon content of the Loradale columns which increased adsorption of atrazine by 
the soil matrix. In addition, the presence of fewer macro pores in the Loradale soil 
(hydraulic conductivity 0.3 vs 2.6 cm min·' for Maury) may have contributed to these 
differences. 
Colloid-facilitated Transport of Heavy Metals 
Figures 7-18 show breakthrough curves for Cu, Zn, and Pb eluted in the absence 
( control) or presence of colloids. Metal elution in the presence of colloids is plotted 
separately for the soluble fraction and as the sum of the soluble ( directly measured) and 
the colloid-bound fraction (estimated from the adsorption isotherms). Selective 
extractions of eluted colloid-bound metals extracted by Mg-chloride were very similar to 
those predicted by the adsorption isotherms. 
In contrast to the herbicide breakthrough curves, the metals showed considerably 
greater asymmetry attributed not only to preferential flow but to more extensive chemical 
interaction with the soil matrix. This greater chemical interaction is evident in the metal 
31 
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Table 5. Multiple linear regression relationships between atrazine transport M and 
CEC, EM, and TEB. 
Equation 
a. Y = 0.463 + 0.238 log CEC 
b. Y = 0.581 + 0.142 log CEC + 0.032 EM 
c. Y = 0.755 + 0.0002 CEC + 0.046 EM + 0.002 TEB 
R value 
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Fig. 7. Copper, Zn, and Pb eluted in the presence (soluble, colloid + 
soluble) and absence (control) of Beasley soil colloids through LoNldale 
soil columns. 
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Fig. 8. Copper, Zn, and Pb eluted In the presence (soluble, colloid + 
soluble) and absence (control) of Beasley soil colloids through Maury· soil 
columns. 
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Fig. 9. Copper, Zn, and Pb eluted in the presence (soluble, colloid + 
soluble) and absence (control) of Loradale soil colloids through Loradale 
soil columns. 
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soluble) and absence (control) of Loradale soil colloids through Maury soil 
columns. 
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Fig. 11. Copper, Zn, and Pb elu1ed in the presence (soluble, colloid + 
soluble) and absence (control) of Maury soil colloids through Loradale soil 
columns. 
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Fig.13. Copper, Zn, and Pb eluted in the presence (soluble, colloid+ 
soluble) and absence (control) of Sh routs soil colloids through Loradale 
soil columns. 
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Fig.14. Copper, Zn, and Pb eluted in the presence (soluble, colloid+ 
soluble) and absence (control) of Shrouts soil colloids through Maury soil 
columns. 
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soluble) and absence (control) of Smlthdale soil colloids through Loradale 
soil columns. 
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Fig.18. Copper, Zn, and Pb eluted in the presence (soluble, colloid+ 
soluble) and absence (control) of Waynesboro soil colloids through Maury 
soil columns. 
adsorption isotherms showing a significantly higher affinity for the colloid particle surfaces 
and, therefore for matrix soil surfaces (Fig. 19). 
In all cases, however, the presence of colloids shifted the BTC's of the total eluted 
metal (colloid-bound+ soluble) above that of the control treatment (metal without 
colloid). This again suggests that the presence of colloids enhanced metal transport 
through the soil columns. Unlike the herbicide facilitated transport in the presence of 
colloids, where the colloid-bound herbicide fraction was very small, the eluted colloid-
bound metal fraction was several orders of magnitude greater than the eluted soluble metal 
fraction. 
The average increase of metal transport in the presence of water dispersible 
colloids was 10 to 30-fold over that of the control treatment (absence of colloids), but it 
was colloid and metal specific. Copper co-transportability in the presence of colloids was 
2-150 times greater than that of the control. The respective increase for Zn was 5-30 
times greater. For Pb, there was essentially very little or no elution in the absence of 
colloids ( control), suggesting complete sorption by the soil column matrix. In the 
presence of colloids, Pb transportability increased by 8 to 3, 000 times that of the control. 
In most cases, nearly 90% of the increase in metal transport in the presence of 
colloids was due to colloid-bound metal species. The amount of extra metals transported 
in the presence of colloids varied with colloid type and transportability, but it was highest 
with the Beasley and Loradale and lowest with the Waynesboro colloid. The increased 
co-transportability of the Beasley and Loradale colloids is associated with their 
montmorillonitic mineralogical composition and the high organic carbon content, 
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respectively, that vests larger surface area, smaller particle size, and increased mobility to 
the colloid, and reduced residence time within the columns. In contrast, the Waynesboro 
colloid has kaolinitic mineralogy, larger size particles, and low surface charge, which 
inhibit colloid and metal transportability. These interpretations are consistent with the 
statistical correlations reported in Tables 6, 7, and 8. 
Unlike the herbicide migration in the presence of colloids, where the dominant 
transport mechanism was exclusion of soluble species from matrix surface sites blocked by 
colloids, metal transport increases were mainly due to colloid-metal binding and co-
transporting mechanisms. Physical exclusion of soluble species from pore wall attachment 
was still an active but secondary mechanism in metal transportability. Therefore, the 
colloids act in this process mainly as metal carriers and secondarily as metal transport 
facilitators. 
The extent of colloid-induced metal transport was colloid, metal 
type/concentration and soil column property dependent. Generally, increased colloid 
surface area and charge, pH, organic carbon, and soil macroporosity tended to facilitate 
transport, while Fe and Al oxyhydroxides and kaolinite appeared to be inhibiting. 
However, the quantitative statistical correlations between these parameters and metal-
colloid co-transportability were not always consistent. In spite of the fact that the 
Loradale soil columns had lower macroporosity than the Maury soil columns, their high 
organic carbon content appeared in come cases to overshadow the effects of 
macroporosity on the transport of specific metals (Cu and Pb) (Fig. 20). 
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Table 6. Correlation coefficients (r) between colloid properties and transportablllty of Cu In the presence of colloids 
through Loradale (L) and Maury (M) soil columns. 
Soil Colloid Total Cu Total Cu Total Cu Colloid Cu Colloid Cu Colloid Cu 
Properties Loradale Maury L+M Loradale Maury L+M 
Al -0.75 -0.64 -0.42 -0.6 -0.95• -0.57• 
Fe -o.n -0.68 -0.45 0.62 -0.73 -0.54 
EM -0.75 -0.51 -0.34 -0.73 -0.91• ·0.61• 
pH 0.82• 0.87• 0,57• ·0.2 0.83· 0.33 
O.M. 0.76 0.69 0,45 -0.37 0.76 0.44 
TEB 0.96 .. 0.97 .. 0,54• 0.33 0.96 .. 0.43 
CEC 0,93• 0.78 0.51 0.35 0,99• 0.48 
Surface Area 0.48 0.57 0.36 0.57 0.76 -0.54 
Colloid Diameter -0.98 .. -0.89 -0.58· 0.52. 0.99 .. 0.31 
Kaolin~e -0,79• -0.48 -0.39 -0.64 -0.61 ·0.55 
2: 1 Expandable o.ss• -0.82 0.54 0.44 0,95• 0.5 
Mica 0.93 .. -0.6 0.47 ·0.78 0.46 0.56 
Quartz 0.98 .. -0.87• ·0.57 0.51 0.96 .. 0.19 
.,,. 
00 
Table 7 . Correlation coefficients (r) between colloid properties and transportability of Zn In the presence of colloids 
through Loradale (L) and Maury (M) soil columns. 
SoilCollold Total Zn Total Zn Total Zn Colloid Zn Colloid Zn ColloldZn 
Properties Loradale Maury L+M Lo rad ale Maury L+M 
Al ·0.41 -0.6 ·0.48 -0.80* ·0.87* ·0.78** 
Fe ·0.26 -0.61 ·0.41 -0.70 ·0.64 ·0.64* 
EM ·0.39 -0.73 ·0.51 -0.80* -0.85* -o.n•• 
pH 0.22 0.55 0.61 0.53 0.73 0.60* 
O.M. -0.22 0.96** 0.57 0.56 0.99** 0.75** 
TEB 0.41 0.59 0.43 0.7 0.88* 0.71** 
CEC 0.33 0.81* 0.45 0.72 0.96** 0.64** 
Surface Area 0.95** -0.38 0.32 0.88* 0.48 0.51 
Colloid Diameter -0.46 -0.26 -0.22 -0.45 -0.99** ·0.51 
Kaolinlte ·0.62 0.64 -0.18 -0.7 -0.65 -0.65* 
2: 1 Expandable 0.65 0.44 0.52 0.75 o.n 0.56 
Mica 0.65 o.n 0.24 o.n 0.6 0.67* 
Quartz 0.64 0.28 0.22 0.16 0.97** 0.35 
.,,. 
"' 
Table 8. Correlation coefficients (r) between colloid properties and transportability of Pb in the presence of colloids 
through Loradale (L) and Maury (M) soil columns. 
Soil Colloid Total Pb Total Pb Total Pb Colloid Pb Colloid Pb Colloid Pb 
Properties Loradale Maury L+ M Loradale Maury L+ M 
Al -0.69 -0.78 -0.69 -0.62 -0.77 -0.66* 
Fe -0.72 -0.75 -0.72 -0.66 -0.73 -0.47 
EM -0.64 -0.73 -0.64 -0.54 -0.72 -0.61* 
pH 0.88** 0.99** 0.88** 0.79* 0.99** 0.96** 
O.M. 0.99** 0.99** 0.99** 0.97** 0.99** 0.92** 
TES 0.96** 0.98** 0.96** 0.94** 0.96** 0.78** 
CEC 0.89* 0.96** 0.89** 0.85* 0.92** 0.85** 
Surface Area 0.47 0.69 0.47 -0.39 0.65 0.38** 
Colloid Diameter -0.95** -0.96** -0.95** -0.97** -0.99** -0.92** 
Kaolinite -0.54 -0.79 -0.54 -0.5 -0.77 -0.55 
2: 1 Expandable 0.84* 0.86* 0.84** 0.79* 0.85* 0.64* 
Mica 0.27 0.64 0.23 0.32 0.65 0.44 
Quartz 0.93** 0.90* 0.93** 0.95** 0.95** 0.88** 
..,, 
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Increasing the metal concentration in the influent colloid suspension beyond IO mg 
L·' also inhibited metal transport in the presence of colloids due to coagulation, 
flocculation, flow retardation, and pore clogging (Fig. 21 ). 
Chapter IV - Summary and Conclusions 
This study demonstrated that significant amounts of colloids are mobile and can be 
transported through intact soil columns depending on the physicochemical and 
mineralogical properties of the colloids, colloid concentration in the input suspension, and 
the properties of the soil columns. 
The breakthrough curves showed that colloid recovery in the eluents ranged from 
45-900/o for the herbicides and I 0-60% for the metals. The migrating colloids have the 
potential of significantly increasing the contaminant load transported through soil 
macropores via colloid-contaminant association or physical blocking of soil matrix-
contaminant interaction mechanisms. 
The transport of both herbicides was enhanced in the presence of water-dispersible 
soil colloids. The observed increase was 2-18% for atrazine and 8-30% for metolachlor. 
The greater increase in metolachlor transport is probably due to its 4-7 fold greater affinity 
for colloid surfaces as indicated from equilibrium adsorption isotherms. However, a 
significant portion of the eluted herbicide load was mainly due to exclusion of soluble 
herbicide species from matrix surface-sites blocked by colloids rather than actual transport 
of colloid-bound herbicide. Therefore, in this process, the colloids appear to act mostly as 
facilitators rather than carriers. The amount of extra herbicide transported in the presence 
of colloids varied with colloid type and transportability. Colloids with higher surface area, 
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Fig. 21. Effect of Cu concentration in the influent colloid suspension 
on the breakthrough curves of the Shrouts colloid (a) and Cu eluted in 
its presence (b) through Loradale soil columns. 
pH, electrophoretic mobility, organic carbon, and smectite content showed greater 
potential for co-transporting herbicides. In contrast, high amounts of kaolinite, Fe, and AI 
hydroxides inhibited co-transportability. The type of soil column also influenced herbicide 
recoveries in the eluent. Soil columns with a better macropore system (high hydraulic 
conductivity) and lower surface area enhanced herbicide co-transportability. 
Metal transport was also enhanced in the presence of water dispersible soil colloids 
by an average of IO to 30-fold, but the increase was colloid and metal specific. Cu and Zn 
co-transportability in the presence of colloids was 2-150 and 5-30 times, respectively, 
greater than that of the controls. For Pb, there was essentially no ( or very small) elution 
of metals in the absence of colloids, suggesting nearly complete sorption by the column 
matrix. In the presence of colloids, Pb transportability ranged from 8 to 3,000 times that 
of the control. In most cases, nearly 90%, of the increase in metal transport in the 
presence of colloids was due to colloid-bound metal phases and the remaining due to 
colloid-metal-matrix exclusion processes. Increasing the metal concentration in the colloid 
suspension beyond IO mg!L hindered metal-colloid transport through the columns due to 
coagulation, flocculation, flow retardation, and pore clogging. Although colloids with 
high amounts of 2: I minerals and organic carbon content generally showed increased 
metal sorption and co-transportability, the quantitative correlations were not always 
consistent. In some cases, increased organic carbon contents of the soil column matrix 
appeared to overshadow the effects of macroporosity on the transport of specific metals. 
The findings of this study strongly suggest that the currently used two-phase 
transport models may underestimate significantly herbicide and heavy metal transport 
54 
through the vadose zone because they do not account for the colloid contribution. Since 
naturally occurring water dispersible colloids have been proven to be mobile and facilitate 
contaminant transport in subsurface environments, incorporating a mobile colloid phase 
into existing multicomponent transport models may improve the prediction of contaminant 
transport to groundwater. However, the importance of the findings presented here awaits 
field verification. Future studies including other soil colloids with more variable 
composition, varying the condition of the leaching experiments (flow rate, ionic strength, 
redox, etc.), and using other types of contaminants are also necessary. 
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